Changes in redox status are a conspicuous feature of immune responses in a variety of eukaryotes 1,2 , but the associated signalling mechanisms are not well understood. In plants, attempted microbial infection triggers the rapid synthesis of nitric oxide 3, 4 and a parallel accumulation of reactive oxygen intermediates, the latter generated by NADPH oxidases related to those responsible for the pathogen-activated respiratory burst in phagocytes
Changes in redox status are a conspicuous feature of immune responses in a variety of eukaryotes 1, 2 , but the associated signalling mechanisms are not well understood. In plants, attempted microbial infection triggers the rapid synthesis of nitric oxide 3, 4 and a parallel accumulation of reactive oxygen intermediates, the latter generated by NADPH oxidases related to those responsible for the pathogen-activated respiratory burst in phagocytes 5 . Both nitric oxide and reactive oxygen intermediates have been implicated in controlling the hypersensitive response, a programmed execution of plant cells at sites of attempted infection 3, 5, 6 . However, the molecular mechanisms that underpin their function and coordinate their synthesis are unknown. Here we show genetic evidence that increases in cysteine thiols modified using nitric oxide, termed S-nitrosothiols, facilitate the hypersensitive response in the absence of the cell death agonist salicylic acid and the synthesis of reactive oxygen intermediates. Surprisingly, when concentrations of S-nitrosothiols were high, nitric oxide function also governed a negative feedback loop limiting the hypersensitive response, mediated by S-nitrosylation of the NADPH oxidase, AtRBOHD, at Cys 890, abolishing its ability to synthesize reactive oxygen intermediates. Accordingly, mutation of Cys 890 compromised S-nitrosothiol-mediated control of AtRBOHD activity, perturbing the magnitude of cell death development. This cysteine is evolutionarily conserved and specifically S-nitrosylated in both human and fly NADPH oxidase, suggesting that this mechanism may govern immune responses in both plants and animals.
Complex plants do not possess a nitric oxide synthase structurally related to those found in animals; nevertheless, a number of potential sources for pathogen-triggered nitric oxide synthesis have been described, including nitrate reductase and an arginine-dependent nitric-oxide-synthase-like activity 7 . S-nitrosylation, the addition of a nitric oxide moiety to a reactive cysteine thiol to form an Snitrosothiol 8 (SNO), is an important route for nitric oxide bioactivity. In Arabidopsis, an S-nitrosoglutathione (GSNO) reductase (AtGSNOR1) governs both the concentrations of GSNO and, indirectly, protein SNOs 8 . We determined the temporal profile of SNO concentrations during the development of hypersensitive response in atgsnor1-3 and atgsnor1-1 plants, in which AtGSNOR1 activity is absent or increased, respectively 8 . Thus, SNO concentrations were anticipated to be higher in atgsnor1-3 and lower in atgsnor1-1 plants, relative to wild type.
SNO concentrations were also determined in the NO overproducing 1 (nox1) mutant 9 . Such plants were challenged with the bacterial pathogen Pseudomonas syringae pv. tomato (Pst) DC3000 expressing either AvrB or AvrRps4 effector proteins, which are recognized by the resistance (R) gene products RPM1 and RPS4, respectively, each a prototypic member of a distinct R protein subclass 10, 11 . In each case, SNO concentrations increased over time in all the Arabidopsis lines tested (Fig. 1a, b) , relative to Pst DC3000 controls ( Supplementary Fig. 1 ). However, a, Profile of SNO accumulation following challenge with Pst DC3000 (avrB). b, SNO accumulation following attempted Pst DC3000 (avrRps4) infection. c, Total salicylic acid (SA) accumulation in response to attempted Pst DC3000 (avrB) colonization. d, Accumulation of salicylic acid following Pst DC3000 (avrRps4) challenge. e, Cell death development in the given Arabidopsis genotypes, triggered by 5 3 10 6 c.f.u. ml 21 Pst DC3000 (avrB) at 15 h.p.i. and scored by trypan blue staining. c.f.u., colony-forming unit; h.p.i., hours postinoculation. f, Magnitude of cell death development in the stated plant lines following challenge with 5 3 10 6 c.f.u. ml 21 Pst DC3000 (avrRps4) at 15 h.p.i., determined by trypan blue staining. g, Cell death development in the given Arabidopsis genotypes, triggered by 5 3 10 6 c.f.u. ml 21 Pst DC3000 at 15 h.p.i. and scored by trypan blue staining. h, Extent of cell death development established by electrolyte leakage in the given Arabidopsis genotypes following challenge with Pst DC3000 (avrB) at 1 3 10 8 c.f.u. ml
21
. i, Quantification of cell death by electrolyte leakage in the stated plant lines in response to Pst DC3000 (avrRps4). j, Growth of H. arabidopsidis Emwa1 at 10 d post-inoculation in the given Arabidopsis genotypes. Data points represent mean 6 s.e. (n 5 3). Unless stated otherwise, avirulent strains of Pst DC3000 were infiltrated at 1 3 10 6 c.f.u. ml
.
concentrations of these molecules were higher in atgsnor1-3 and nox1 plants than in wild type. Similar results were obtained when we used reporters of NO accumulation 12 ( Supplementary Fig. 2a-d ). We also determined the profile of salicylic acid accumulation (salicylic acid is a cell death agonist 13 ) in these lines. Total salicylic acid accumulation was diminished in atgsnor1-3 and nox1 plants relative to wild type (Fig. 1c, d and Supplementary Fig. 3a) , as was free salicylic acid and salicylic acid b-glucoside ( Supplementary Fig. 3b-e) . Together, these results suggest that atgsnor1-3 and nox1 plants accrue markedly more SNOs over time during the development of hypersensitive response, and that the atgsnor1-1 line accumulates significantly fewer. Further, salicylic acid concentrations are diminished in atgsnor1-3 and nox1 plants.
Next we assessed the development of hypersensitive response in these plants. Challenge with Pst DC3000 expressing either avrB or avrRps4 revealed that this defence response was delayed in atgsnor1-1 plants relative to wild type. In contrast, the development of hypersensitive response in atgsnor1-3 and nox1 plants was accelerated ( Supplementary Fig. 4a, b) . To determine the extent of cell death by hypersensitive response (CDHR), a smaller inoculum of Pst DC3000 strains was used and the resulting leaves were stained with trypan blue, which marks dead or dying plant cells 5 . Relative to wild type, atgsnor1-3 and nox1 plants showed a prominent increase in cell death, but this response was markedly reduced in the atgsnor1-1 line (Fig.  1e-g ). We corroborated these findings by quantifying cell-deathinduced electrolyte leakage. Again, cell death was significantly greater in atgsnor1-3 and nox1 plants than in wild type, and there was a decrease in the atgsnor1-1 line (Fig. 1h, i and Supplementary Fig. 5 ). To confirm and extend these findings, we studied the effect of high SNO concentrations mediated by atgsnor1-3 on the hypersensitive response in the absence of SALICYLIC ACID INDUCTION DEFICIENT 2 (SID2) function, which is required for pathogentriggered salicylic acid synthesis 14 . There was no significant difference in the extent of cell death development in the atgsnor1-3 sid2 double mutant relative to the atgsnor1-3 line (Supplementary Fig. 6 ). Collectively, these findings imply that in atgsnor1-3 and nox1 plants, the development of CDHR has accelerated kinetics and increased magnitude. However, in atgsnor1-1 plants, cell death development is reduced. Thus, despite diminished salicylic acid concentrations, a greater concentration of SNO positively regulates the development of the hypersensitive response mediated by at least two distinct R gene subclasses.
CDHR does not seem to be required for limiting bacterial infection 5, 15 . Therefore, to identify a potential role for SNO-driven cell death in disease resistance, we challenged atgsnor1-3 plants with the avirulent oomycete Hyaloperonospora arabidopsidis isolate Emwa1, which is recognized by RPP4 (ref. 16 ). The death of challenged host cells has been proposed as a key resistance mechanism against oomycetes 5, 17 . As expected, cell death was more pronounced in atgsnor1-3 plants, relative to wild type, in response to Emwa1 (Supplementary Fig. 7 ). In addition to its role in cell death, salicylic acid is also a key immune activator, and plants defective in its accumulation routinely show diminished defence responses 14 . Indeed, the Arabidopsis sid2 mutant, in which pathogeninduced salicylic acid accumulation is reduced 14, 18 , was compromised in RPP4-mediated resistance against Emwa1 (Fig. 1j) . By contrast, even though salicylic acid concentrations were equally reduced, relative to wild type, in atgsnor1-3 plants ( Supplementary Fig. 8a -c), Emwa1 failed to complete its life cycle in these plants in the same way it did in the resistant wild-type line (Fig. 1j ). An atgsnor1-3 sid2 double mutant also had increased resistance against Emwa1 relative to sid2 plants (Fig. 1j) . Moreover, although SNO and nitrite concentrations are higher in atgsnor1-3 plants, in sid mutants they are comparable to wild type ( Supplementary Fig. 9a, b) . Therefore, cell death development mediated by increased SNO is sufficient to convey resistance against Emwa1 in the absence of salicylic acid accumulation and associated defence responses.
NO function is thought to be closely interconnected with that of reactive oxygen intermediates (ROIs) in cell death development 3, 6 . We therefore monitored ROI accumulation activated by distinct R proteins in atgsnor1 and nox1 mutants, as determined by 39,39-diaminobenzidine (DAB) staining 5 . Relative to wild type, atgsnor1-3 and nox1 plants showed decreased pathogen-induced ROI accumulation, whereas mutant atgsnor1-1 plants accumulated more ROIs even in the absence of pathogen challenge (Fig. 2a, b and Supplementary  Fig. 10a, b) . Hence, in addition to being autonomous of salicylic acid, increased SNO concentrations may also facilitate CDHR independently of DAB-detectable ROI accumulation. To explore this possibility further, we studied the effect of high SNO concentrations on the hypersensitive response in the absence of the NADPH-dependent oxidases AtRBOHD and AtRBOHF, which drive pathogen-induced ROI synthesis 5 . As expected, atrbohD and atrbohF single and double mutants showed decreased pathogen-induced CDHR than did wildtype plants, indicating that ROI synthesis is required for full development of the hypersensitive response ( Fig. 2c and Supplementary Fig. 11 ). However, CDHR was not significantly different in atgsnor1-3 atrbohD, atgsnor1-3 atrbohF and atgsnor1-3 atrbohD atrbohF mutants than in atgsnor1-3 plants ( Fig. 2c and Supplementary Figs 11 and 12a), despite the reduced ROI accumulation in these lines ( Supplementary Fig. 12b ). These results suggest that high SNO concentrations can facilitate CDHR independently of ROI synthesis mediated by AtRBOHD or AtRBOHF.
Next we asked how SNO concentrations governed by AtGSNOR1 are able to manipulate ROI concentrations. AtRBOHD is responsible for virtually all the DAB-detectable ROIs induced by avirulent strains of Pst DC3000 Reaction time (min)
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Figure 2 | Increased SNO concentrations blunt NADPH oxidase activity and reduce ROI accumulation. a, ROI accumulation determined by DAB staining in the given Arabidopsis genotypes following challenge with Pst DC3000 (avrB). a.u., arbitrary units. b, Accumulation of ROIs in the stated plant lines in response to attempted Pst DC3000 (avrRps4) infection. c, Cell death development in atgsnor1 double and triple mutants in response to attempted Pst DC3000 (avrB) infection at 1 3 10 6 c.f.u. ml 21 at 48 h.p.i. A Student's t-test comparing cell death in atgsnor1-3 with that in atgsnor1-3 atrbohF plants, in a similar fashion to the other double and triple mutants, established that there was no statistically significant difference (P 5 0.6466). d, NADPH oxidase activity in Arabidopsis following exposure to the given natural nitric oxide donors or related control treatments. DA at 480 nm, change in absorbance. e, NADPH oxidase activity in given Arabidopsis lines at 24 h.p.i. following challenge with Pst DC3000 (avrB). Data points represent mean 6 s.e. (n 5 3). Avirulent strains of Pst DC3000 were infiltrated at 1 3 10 6 c.f.u. ml 21 unless stated otherwise. Fig. 13 ). To explore whether SNOs could directly regulate NADPH oxidase activity, microsomal preparations from pathogen-challenged wild-type leaves were treated with the natural nitric oxide donor GSNO or S-nitroso-L-cysteine (Cys-NO), and NADPH oxidase activity was determined. Exposure to either GSNO or, to a lesser extent, Cys-NO significantly reduced the activity of this enzyme relative to the buffer control treatment (Fig. 2d) . Furthermore, the absence of an effect following exposure to reduced glutathione (GSH) confirmed the specificity of this response. To determine the possible biological consequences of these findings, we measured the activity of this protein in atgsnor1-3, atgsnor1-1, nox1 and wild-type leaves challenged with Pst DC3000 (avrB). NADPH oxidase activity was significantly reduced in atgsnor1-3 and nox1 plants that have high SNO concentrations (Fig. 2e) . Collectively, these findings suggest that changes in SNO concentrations can modulate NADPH oxidase activity, implying that this protein might be regulated by S-nitrosylation.
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To determine whether NADPH oxidase might be S-nitrosylated, recombinant protein was exposed to a range of either GSNO or Cys-NO concentrations typically used to score for S-nitrosylation in vitro [19] [20] [21] , and was monitored for the formation of SNO-AtRBOHD by the biotinswitch method 22 . AtRBOHD was S-nitrosylated in a concentrationdependent fashion by either GSNO or Cys-NO (Fig. 3a, b) . Furthermore, the addition of dithiothreitol strikingly reduced the concentration of SNO-AtRBOHD formation (Fig. 3b) , consistent with the presence of a reversible thiol modification. AtRBOHD contains a number of cysteines that might serve as sites for this redox-based modification. The carboxy-and amino-terminal portions of this protein were therefore expressed, exposed to GSNO and subjected to biotin-switch analysis. Only the C-terminal portion of AtRBOHD was S-nitrosylated (Fig. 3c) . The C-terminal portion of AtRBOHD has two cysteines: Cys 825 and Cys 890. These residues were therefore mutated either individually or in combination, and the resulting proteins were expressed, treated with GSNO and analysed by the biotin-switch method. The Cys890Ala mutation but not the Cys825Ala mutation abolished S-nitrosylation of AtRBOHD (Fig. 3d) . Mass spectrometry analysis was also consistent with S-nitrosothiol formation at Cys 890 ( Supplementary Fig. 14) . Collectively, these findings imply that AtRBOHD is specifically S-nitrosylated in vitro on Cys 890.
Cys 890 is evolutionarily conserved, suggesting that NADPH oxidases from other eukaryotes might also be S-nitrosylated (Supplementary Fig. 15 ). We therefore exposed recombinant human and Drosophila RBOH proteins to either GSNO or Cys-NO. Both of these proteins were specifically S-nitrosylated ( Supplementary Fig. 16a, b) . The site of SNO formation was Cys 537 for human NOX2 (also known as CYBB) and Cys 1315 for Drosophila Nox (Supplementary Fig. 16c,   d ), both of which corresponded to Cys 890 of AtRBOHD (Supplementary Fig. 15 ). Together, these data suggest that NADPH oxidases from at least two animals are specifically S-nitrosylated at this conserved cysteine, raising the possibility that this redox modification might regulate the activity of these enzymes in many other eukaryotes. Interestingly, an organizer protein, absent from plants, that interacts with animal NADPH oxidases may also be subject to S-nitrosylation in endothelial cells 23 . Therefore, in mammals NADPH oxidase function might also be regulated indirectly by another reactive cysteine residue.
To determine whether AtRBOHD is S-nitrosylated in vivo during the hypersensitive response, transgenic atrbohD lines expressing either Myc-tagged wild-type AtRBOHD or mutant derivatives were challenged with Pst DC3000 (avrB). Subsequently, endogenous proteins were subjected to biotin-switch analysis and biotinylated proteins purified with streptavidin beads. These proteins were then immunoblotted with an anti-Myc antibody. Both wild-type AtRBOHD and the Cys825Ala mutant were S-nitrosylated, but the Cys890Ala mutant and the Cys825Ala Cys890Ala double mutant were not (Fig. 3e) . Thus, AtRBOHD is specifically S-nitrosylated in vivo at Cys 890 during the plant defence response.
To understand whether S-nitrosylation of Cys 890 can modulate the activity of AtRBOHD, we first computationally modelled the structure of this protein. This indicated that Cys 890 is positioned closely behind the conserved Phe 921 and Phe 570 residues in AtRBOHD and NOX2, respectively. Similar to the homologous Tyr 247 in ferredoxin reductase 24 , these residues are expected to have a significant role in binding flavin adenine dinucleotide (FAD). Accordingly, mutation of Phe 570 was reported to impair NOX2 function 25 . The model further predicts that S-nitrosylation of AtRBOHD at Cys 890 may disrupt the sidechain position of Phe 921, impeding FAD binding ( Supplementary Fig.  17a, b) . To extend these findings, we determined the consequences of introducing an S-nitrosylated Cys 890 into our model. This disrupted the coplanar localization of Phe 921, thereby destabilizing or sterically ejecting FAD ( Supplementary Fig. 18a, b) . Consistent with these predictions, we found that prior GSNO exposure markedly reduced the binding of this cofactor to AtRBOHD. Conversely, GSNO did not diminish FAD binding in the Cys 890 AtRBOHD mutant (Fig. 4a) . b, NADPH oxidase activity in plant extracts from the given Arabidopsis genotypes infiltrated with Pst DC3000 (white) or Pst DC3000 (avrB) (black) at 24 h.p.i. c, ROI accumulation determined by DAB staining in the leaves of given plant lines infiltrated with Pst DC3000 (white) and Pst DC3000 (avrB) (black) at 24 h.p.i. d, Extent of cell death development determined by electrolyte leakage in the given wild-type and mutant Arabidopsis lines following challenge with Pst DC3000 (avrB) infiltrated at 1 3 10 8 c.f.u. ml
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. Data points represent mean 6 s.e. (n 5 3). Unless stated otherwise, all strains of Pst DC3000 were infiltrated at 1 3 10 6 c.f.u. ml
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Thus, S-nitrosylation of AtRBOHD may preclude FAD binding inhibiting the activity of this enzyme.
To explore the possible biological consequence of AtRBOHD SNO formation at Cys 890 and the resulting loss of FAD binding, we monitored NADPH oxidase activity in mutant atrbohD plants expressing either a wild-type AtRBOHD transgene or the Cys890Ala derivative. Pathogen-induced levels of leaf NADPH oxidase activity were significantly increased in the Cys890Ala mutant, relative to wild type (Fig. 4b) . Furthermore, pathogen-induced ROI accumulation was greater in the Cys890Ala mutant line than in wild type (Fig. 4c) . These data imply that S-nitrosylation of AtRBOHD at Cys 890 during the development of hypersensitive response blunts NADPH oxidase activity, resulting in decreased ROI generation. To determine the possible impact of the AtRBOHD Cys890Ala mutation on cell death, we challenged plants possessing this mutation with Pst DC3000 (avrB) and scored the extent of their response. There was a significant increase in cell death in the AtRBOHD Cys890Ala line relative to wild type (Fig. 4d) . Thus, enhanced ROI production in the Cys890Ala mutant, which is not a target for S-nitrosylation, facilitates CDHR. This work was confirmed and extended by determining in parallel SNO accumulation, NADPH oxidase activity and cell death development in the AtRBOHD Cys890Ala mutant line, relative to wild type, following attempted pathogen ingress ( Supplementary Fig. 19a-c) . Together, this information implies that S-nitrosylation of AtRBOHD at Cys 890 promoted by increasing SNO concentrations serves to curb excessive cell death by blunting AtRBOHD-dependent ROI synthesis.
These data establish a molecular framework for SNO function during the hypersensitive response. We speculate that on attempted infection, total cellular SNOs governed by AtGSNOR1 and ROIs synthesized by AtRBOHD 5 , in combination with salicylic acid accumulation 13 , positively regulate the development of cell death. However, as SNO concentrations increase during the pathogen-triggered nitrosative burst, salicylic acid accumulation is reduced and further S-nitrosylation of AtRBOHD at Cys 890 decreases ROI synthesis. Collectively, this molecular dialogue may serve to limit cell death development during the hypersensitive response ( Supplementary Fig. 20) .
Our findings are reminiscent of those in animals, where increasing concentrations of total cellular SNOs drive apoptosis in a variety of tissues 12 . Conversely, S-nitrosylation of the pro-apoptotic regulators nuclear factor kb 26 and caspase cysteine protease 27 function to constrain cell death development. Furthermore, SNO formation at a conserved cysteine in NADPH oxidases from plants, humans and flies implies that this novel pro-survival mechanism might operate during immune function throughout such complex eukaryotes.
METHODS SUMMARY
Pathogen inoculations and small-molecule measurements. A variety of Pst DC3000 strains and H. arabidopsidis isolates were used for pathogen inoculations, as indicated. Trypan blue and DAB staining were conducted for detection of cell death and ROI accumulation, respectively 28 . Salicylic acid was determined using a mini-scale procedure 29 based on high-pressure liquid chromatography. SNO contents were analysed using a chemiluminescence-based procedure 30 . Diaminofluorescein diacetate imaging was applied for the detection of nitric oxide. Electrolyte leakage was measured by using a DiST WP conductivity meter to quantify cell death. Gene constructs and transgenic plants. For cloning of NADPH oxidase genes and site-directed mutagenesis, the pGEX4T-1 vector and the QuickChange II SiteDirected Mutagenesis Kit (Stratagene) were used, respectively. Transgenes were generated by using the pUNI51 cloning vector and the pKYLX-myc9-loxp binary vector, and subsequently were introduced into Arabidopsis plants. See Methods for full details. Biochemistry and computational modelling. NADPH oxidase activity was determined by using epinephrine and NADPH as substrates. In vitro and vivo S-nitrosylation assays used either an anti-biotin or an anti-Myc9 antibody, respectively. Mass spectrometry was done using a capillary gas high-pressure liquid chromatography tandem mass spectrometry analysis system. For computational modelling of NOX2 and AtRBOHD, we used Phyre, DeepView, SwissModel and Jpred as described in Methods.
METHODS
Histochemical analysis and small-molecule measurements. Cells committed to die were visualized with lactophenol-trypan blue as described previously 28 . Peroxides were stained with DAB 28 . Catalase effectively eliminated DAB staining. H 2 O 2 -dependent DAB staining was observed in all the Arabidopsis lines described in this work. For quantification of either cell death or H 2 O 2 accumulation, the extent of either trypan blue or DAB staining, respectively, was determined in six leaves per line in arbitrary units, for each time point and from three independent experiments, using the 'saturation' function in PaintShop Pro 8 (Corel).
Salicylic acid and salicylic acid b-glucoside concentrations were determined using a mini-scale procedure 29 based on high-pressure liquid chromatography. For the identification of SNOs, tissue extracts were generated at given times after pathogen inoculation and these samples were analysed by a chemiluminescencebased procedure (Sievers nitric oxide analyser) as described previously 30 . For diaminofluorescein diacetate imaging, rosette leaves were incubated for 15 min in a solution of 15 mM diaminofluorescein diacetate (Alexis) containing 5 mM MES KOH, pH 5.7, 0.25 mM KCl and 1 mM CaCl 2 , and were then washed for 5 min (ref. 31) . Fluorescent signals were detected using a Bio-Rad Radiance 2100 confocal microscope (Nikon Eclipse, TE2000-U). The dye was excited at 488 nm, and images were collected at emission wavelengths of 500-530 nm. Green fluorescence-specific intensities were quantified using IMAGEJ (version 1.45h). Plant material and pathogen inoculations. Arabidopsis accession Col-0 and cognate mutants were grown under 16 h of light at 22 uC and 8 h of darkness at 18 uC. Pst DC3000 was grown, maintained and inoculated as described previously 32 . Pst DC3000 strains were inoculated at the concentrations stated. H. arabidopsidis infections were as described previously 16 . Electrolyte leakage. The protocol for electrolyte leakage was adapted from a previously described method 33 . Four-week-old plants were injected with bacteria in 10 mM MgCl 2 . Ten minutes after injection, 5.0-mm-diameter leaf disks were collected from the injected area and washed extensively with water for 10 min, and then ten discs were placed in a Petri dish with 6 ml of water. Conductivity measurements (three replicates for each treatment) were taken over time by using a DiST WP conductivity meter (HANNA Instruments). The units of this measurement are microsvedbergs per centimetre, where the distance refers to that between the electrodes. Cloning of NADPH oxidase genes and site-directed mutagenesis. The primers used to clone the N terminus (from K2 to N357; 356 amino acids) and the C terminus (from K756 to F921; 166 amino acids) of AtRBOHD, the C terminus (from N430 to E540; 111 amino acids) of Homo sapiens NOX2 (gi_163854302) and the C terminus (from I1198 to E1338; 141 amino acids) of Drosophila melanogaster Nox (gi_161077139) are as follows. AtRBOHD N terminus: 59-AAGGATCCAAAATGAGACGAGGCAATTCA-39 (forward); 59-TTCTAG TTGCTCTCTTTTGCCGGTCT-39 (reverse). AtRBOHD C terminus: 59-AAG GATCCAAGGACATCATCAACAACATG-39 (forward); 59-TTCTAGAAGTT CTCTTTGTGGAA-39 (reverse). NOX2 C terminus: 59-GTAATGGATCCAAC GCCACCAATCT-39 (forward); 59-TATGCTCTCGAGTCATTCAGGTCCACA GA-39 (reverse). Nox C terminus: 59-GAAGAGCAAAAAGCGGAGTC-39 (forward); 59-GGATTTGCCTTTCGTAAGGA-39 (reverse). The amplified PCR products were cloned into pGEX4T-1 vector at the sites of BamHI/EcoRI, BamHI/ XhoI and EcoRI/XhoI, respectively.
Site-directed mutagenesis was carried out with QuickChange II Site-Directed Mutagenesis Kit (Stratagene). All procedures followed the manufacturer's manual and specific primers used for AtRBOHD, NOX2 and Nox mutations are as follows. AtRBOHD C825A: 59-GAGCTTCACAATTATGCCACGAGTGTGTACGA-39 (forward); 59-TCGTACACACTCGTGGCATAATTGTGAAGCTC-39 (reverse). AtRBOHD C890A: 59-ATAGGAGTCTTCTACGCTGGAATGCCAGGAAT-39 (forward); 59-ATTCCTGGCATTCCAGCGTAGAAGACTCCTAT-39 (reverse). NOX2 C537A: 59-ATAGGAGTTTTCCTCGCCGGACCTGAATGACTC-39 (forward); 59-GAGTCATTCAGGTCCGGCGAGGAAAACTCCTAT-39 (reverse). Nox C1315A: 59-GTCACCGTCTTCTACGCCGGCCCACCACAGTTG-39 (forward); 59-CAACTGTGGTGGGCCGGCGTAGAAGACGGTGAC-39 (reverse). Underlining denotes the codon of alanine. Transgenic plant materials. The atrbohD line was complemented with a wildtype copy of AtRBOHD and also transformed with C825A, C890A or the double mutant. Briefly, a wild-type copy and a mutant copy of AtRBOHD were amplified by using forward primer 59-CGGAATTCGGATGAAAATGAGACGAGGCAA TTCA-39 and reverse primer 59-CGGGATCCTAGAAGTTCTCTTTGTGGA AGTC-39, and cloned into pUNI51 vector (EcoRI/BamHI). Subsequently, the pUNI51 constructs harbouring AtRBOHD were recombined with pKYLXmyc9-loxP binary vector by a Cre recombinase 34 . The resulting constructs were introduced into Agrobacterium strain GV3101 and subsequently transformed into Arabidopsis plants. Transgenic T1 plants were identified by kanamycin selection.
NADPH oxidase biochemistry. NADPH oxidase activity was measured as described previously 35 . Briefly, 1 g of leaf tissue was ground in liquid nitrogen and dissolved in extraction buffer (0.25 M sucrose, 50 mM HEPES, pH 7.2, 3 mM EDTA, 1 mM dithiothreitol, 0.6% PVP, 3.6 mM L-cysteine, 0.1 mM MgCl 2 and protease inhibitor tablet (Roche)). The crude extract was centrifuged at 10,000g for 30 min and the resulting supernatant was ultracentrifuged at 203,000g for 1 h. The resulting pellet was resuspended in extraction buffer and used as the membrane fraction to measure NADPH oxidase activity spectrophotometrically at 480 nm using epinephrine and NADPH as substrates. Expression and purification of recombinant proteins. Recombinant proteins were expressed in Escherichia coli strain BL21 (DE3) by adding 0.3 mM IPTG with a 6-h incubation. The GST-tagged proteins were purified using a MagneGST Protein Purification System (Promega). All procedures followed the manufacturer's manual. In vitro and vivo S-nitrosylation assays. Recombinant proteins were in vitro S-nitrosylated with the stated concentration of the given nitric oxide donor in 500 ml volumes for 20 min in darkness. Donors were removed using Micro BioSpin P6 columns (BioRad) and the resulting proteins were subjected to the biotinswitch technique 22 by western blot assay using anti-biotin antibody (New England Biolab). For in vivo assay, Arabidopsis plants were inoculated with Pst DC3000 (avrB) at 10 7 c.f.u. ml 21 and an anti-Myc9 antibody (Sigma) was used. Mass spectrometry. All chemicals were purchased from Sigma-Aldrich unless otherwise stated. Acetonitrile and water for liquid chromatography tandem mass spectrometry and sample preparation were of high-pressure liquid chromatography quality (Fisher). Formic acid was Suprapure 98-100% (Merck) and trifluoroacetic acid was 99% purity sequencing grade. Sequencing-grade modified porcine trypsin was purchased from Promega and GluC from Worthington (Lorne Lab). All high-pressure liquid chromatography mass spectrometry (LC-MS) connector fittings were from Upchurch Scientific or Valco (Hichrom and RESTEK).
As S-nitrosothiol formation at Cys 890 of AtRBOHD was found to be relatively labile in vitro, we used a well established method 36 that utilizes iodoacetamide to form a carbamidomethyl ion at sites of S-nitrosothiol formation, which are not blocked by treatment with methyl methanethiosulphonate (MMTS). This analysis revealed striking S-nitrosylation at Cys 890 of AtRBOHD but the complete absence of S-nitrosothiol formation at Cys 825 following treatment with a nitric oxide donor.
The GST-AtRBOHD C terminal was expressed in E. coli BL21 and purified using glutathione Sepharose 4B (GE Healthcare) in native condition. The purified protein solution was desalted using a Zeba Desalt spin column (Thermo Scientific). The desalted protein was treated with or without Cys-NO (final concentration, 0.5 mM) in HENS buffer for 20 min at room temperature (25 uC). Cys-NO was then removed using a Zeba desalt column and the free cysteines were blocked by MMTS in HENS buffer with 2.5% SDS for 20 min at 50 uC. The treated protein was precipitated by acetone and resuspended in HENS buffer with 1% SDS. Sodium ascorbate (10 mM) and iodoacetamide (50 mM) were added to remove S-NO bonds and for protein acylation. The proteins were separated by SDS-PAGE and the protein gel was excised, cleaned and digested with GluC and Trypsin at 37 uC for 16 h. The digested peptides were blocked first with MMTS and analysed by LC-MS.
Capillary gas high-pressure liquid chromatography tandem mass spectrometry (MSMS) analysis was performed on an online system consisting of a micropump (1200 binary HPLC system, Agilent) coupled to a hybrid LTQ-Orbitrap XL instrument (Thermo-Fisher). The LTQ was controlled through XCALIBUR 2.0.7. Samples were reconstituted in 10 ml loading buffer before injection and analysed on a 1-h gradient for data-dependent analysis.
MSMS data were searched using MASCOT, versions 2.2 and 2.3 (Matrix Science Ltd), against a small database comprising the most common contaminant and various constructs. Variable methionine oxidation and cysteine methylthiol and carbamidomethylation were considered in all analyses. The precursor mass tolerance was set to 7 p.p.m. and the MSMS tolerance was set to 0.4 AMU. Fragmentation patterns were confirmed using ProteinProspector (http://prospector. ucsf.edu). Label-free quantitation was performed using PROGENESIS (Nonlinear Dynamics). For label-free quantitation, the number of 'features' (that is, signal at a specific retention time and m/z) was reduced to only MSMS peaks with a charge of 2, 3 or 41 and only the five most intense MSMS spectra per feature'' were kept. Sets of multicharged ions (21, 31, 41) were extracted from each LC-MS run. FAD-binding activity assay. FAD-binding activity was measured as described previously 37 . Briefly, proteins purified using a MagneGST Protein Purification System (Promega) were incubated with either GSNO or GSH for 20 min in the dark, and the excess GSNO or GSH was removed using a Bio-Spin6 column (BioRad). The resulting compounds were further incubated with FAD (250 mM) for 30 min in the dark. Unbound FAD was removed using a Bio-Spin6 column, and LETTER RESEARCH the FAD content was determined by boiling the resulting protein samples for 5 min in the dark, followed by centrifugation at 14,000g for 10 min to remove coagulated protein. The absorbance of the released FAD was measured at 450 nm. Computational modelling of NOX2 and AtRBOHD. The C-terminal 287 amino acids of NOX2 were used for identifying structural homologues with Phyre 38 . This identified PDB crystal structure 1FDR, encoding an E. coli flavodoxin reductase, as a potential homologue. Structural alignments were optimized using DeepView and submitted for threading over 1FDR at the SwissModel server 39 . The resulting computational model contained several loop regions unique to NOX2. These regions were analysed for secondary structure using Jpred 40 and the DeepView loop library. The computational model of the AtRBOHD C terminus was built by threading over both 1FDR and NOX2.
The model indicates that Cys 890 is positioned closely behind the conserved Phe 921 and Phe 570 residues in AtRBOHD and NOX2, respectively. Similar to the homologous Tyr247 in ferredoxin reductase 24 , these residues are expected to have a significant role in FAD binding. Accordingly, mutation of Phe 570 has been reported to impair NOX2 function 25 . The model further predicts that S-nitrosylation of AtRBOHD at Cys 890 may disrupt the side-chain position of Phe 921, impeding FAD binding.
